A genome-wide sequence search was conducted to identify simple sequence repeat (SSR) loci in phylloxera, Daktulosphaira vitifoliae, a major grape pest throughout the world. Collectively, 1524 SSR loci containing mono-, di-, tri-, tetra-, penta-, and hexanucleotide motifs were identified. Among them, trinucleotide repeats were the most abundant in the phylloxera genome (34.4%), followed by hexanucleotide (20.4%) and dinucleotide (19.6%) repeats. Mono-, tetra-and pentanucleotide repeats were found at a frequency of 1.3, 11.2 and 12.9%, respectively. The abundance and inherent variations in SSRs provide valuable information for developing molecular markers. The high levels of allelic variation and codominant features of SSRs make this marker system a useful tool for genotyping, diversity assessment and population genetic studies of reproductive characteristics of phylloxera in agricultural and natural populations.
INTRODUCTION
Grape phylloxera, Daktulosphaira vitifoliae Fitch (Homoptera: Phylloxeridae), is a viticultural pest specialized in feeding on grapevine (Vitis spp). Phylloxera has been destroying vineyards around the world for the past 140 years (Granett et al., 1996) . It is found throughout the Americas where it appears to have coevolved with the endemic Vitis spp (Wapshere and Helm, 1987) . This pest was accidentally introduced to European viticultural regions from North America in the mid 1800s. By 1900, two-thirds of all Vitis vinifera vineyards in Europe had been destroyed. Since then, phylloxera has spread to most grape-growing areas of the world, including New Zealand, Australia, South Africa, South America, and Canada (Skinkis et al., 1995) . It is regarded as one of the most important viticultural pests in the world (Granett et al., 1996) .
Although resistant rootstocks have effectively defended vineyards against this pest, the durability of resistant grape plants depends on the variability and adaptability of pest populations rather than the resistance gene itself. In California, for example, the emergence of more aggressive strains of phylloxera, called biotype B, overcame the limited resistance of the AXR#1 rootstock (Granett et al., 2001) . Damage intensity caused by plant pests most likely correlates with diversity and population size. The insect varies genetically relative to its performance on hosts. The use of insecticides has limited effects on controlling the population, and other control methods are unproven. Therefore, information regarding the genetic diversity, population structure, and reproductive characteristics of grape phylloxera within and among various grape rootstocks is important for understanding host selection and adaptation and designing appropriate pest management strategies.
Simple sequence repeat (SSR markers), also known as microsatellite makers or variable number tandem repeats, are considered a powerful tool for distinguishing genetic diversity, studying populations, and determining reproductive characteristics in various organisms. The high level of polymorphism, easy adaption of high throughput capability, extensive genome coverage, and small amount of DNA required for analysis make this marker system favorable over other genetic markers. SSR makers have been isolated from grape phylloxera in previous studies. Corrie et al. (2002) initially isolated four SSR makers. Lin et al. (2006) also isolated 19 SSRs, but only seven were polymorphic across sample populations in California and Europe. In this study, we identified and developed a large set of new SSR markers for grape phylloxera.
MATERIAL AND METHODS
Phylloxera samples were collected from own-rooted Chardonnay (defined as biotype A) at the University of California (Davis, CA, USA) vineyard and AxR#1 rootstock (defined as biotype B) in Mendocino County, California. Genomic DNA was isolated following a procedure described elsewhere (Lin and Walker, 1996) . DNA quality was evaluated using 1.2% agarose gel. DNA samples were then quantified using a fluorometer and the PicoGreen method. The phylloxera genome DNA samples were then used for 454 pyrosequencing with Titanium kit by Roche GS-FLX Sequencer (Roche, Branford, CT, USA) according to manufacturer instructions. Sequencing data were de novo assembled with Newbler version 2.0 (Roche).
To identify putative microsatellite regions in the phylloxera genome, we used the Tandem Repeats Finder software (Benson, 1999) . After the identification of various motif repeat regions, sequences that flanked the prospective repeat motifs of 200 bp upstream and downstream were extracted from the output file. Standalone BLASTn analyses were performed to compare sequences derived from biotype A and biotype B phylloxera. SSR-containing sequences were separated into three groups: 1) SSR sequences present in biotypes A, 2) SSR sequences present in biotypes B, and 3) SSR sequences present in both biotypes. After removing redundant sequences from each group, we identified more than a thousand SSR loci with various repeat motifs. Prospective SSR primers were designed from the identified loci using the Molecular Beacon Designer software (version 7.0) with the following criteria: 35-55% GC content, 50°-62°C melting temperature, and 132-290-bp amplification products containing repeat units ≥6.
RESULTS AND DISCUSSION
In total 1524 SSR loci with various repeat motifs were identified. Among them, 21 (1.3%), 299 (19.6%), 524 (34.4%), 172 (11.2%), 197 (12.9%), and 311 (20.4%) were observed as mono-, di-, tri-, tetra, penta-, and hexanucleotide repeats, respectively (Figure 1 ). From these various SSR repeat regions, a total of 112 SSR primer pairs were tentatively designed (Table 1) . Among them, 49 and 48 primer pairs were designed from the sequences obtained from biotype A and biotype B, respectively. In addition, 15 SSR primer pairs that detect sequence polymorphism between biotype A and biotype B were also designed (see Table 1 ).
Combining a next-generation deep-sequencing strategy with an in silico mining approach provided an effective way to identify SSR loci in the phylloxera genome. The new set of markers enhances the ability to characterize population structure, reproduction mode, and adaptation of grape phylloxera to various rootstocks in grape-growing regions around the world. Continued on next page
